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Abstract 

Increasing  demand  for  power  and  the  depletion  of  fossil  fuels  are  providing  opportunities  for  the  development  of  fuel  cells  as  power 
generating  systems.  This  paper  investigates  the  integration  of  a  solid  oxide  fuel  cell  (SOFC)  with  biomass  gasification  for  the  production 
of  power  and  heat  (combined  heat  and  power  (CHP)  system).  A  steady-state  model  was  developed  in  the  gPROMS  modelling  tool  to 
investigate  the  integrated  system. 

The  system  was  modelled  for  two  different  options,  a  cold  process  involving  gas  cleaning  at  a  reduced  temperature  and  a  hot  process 
involving  gas  cleaning  at  a  high  temperature. 

For  each  option,  the  model  was  used  to  determine  the  system  efficiency  and  prospective  costs.  The  electrical  efficiency  and  overall 
system  efficiency  for  the  hot  process  were  found  to  be  23  and  60%  and  for  the  cold  process  the  efficiencies  were  21  and  34%,  respectively. 
Superior  heat  management  in  the  gas  cleaning  stage  of  the  hot  process  results  in  its  higher  system  efficiency.  The  capital  cost  for  the  hot 
process  appears  higher  than  that  for  the  cold  process.  This  differential  capital  cost  may  be  justified  by  the  income  earned  from  selling  the 
extra  heat  produced  in  the  hot  process.  Conversely,  the  cold  process  produces  a  gas  stream  with  lower  levels  of  impurities  than  the  hot 
process. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

The  pressure  to  reduce  the  impact  on  the  environment  of 
conventional  energy  conversion  systems  used  for  the  gen¬ 
eration  of  power  and  heat  is  increasing.  The  major  areas 
of  concern  are  greenhouse  gas  emissions  and  air  pollu¬ 
tion,  in  conjunction  with  the  possible  depletion  of  fossil 
fuels.  However,  energy  demand  is  projected  to  increase  and 
small-distributed  power  systems  are  attracting  increased 
interest. 

These  issues  have  led  to  the  exploration  of  alternative 
energy  conversion  systems.  Fuel  cell  technology  is  one  such 
alternative,  with  the  solid  oxide  fuel  cell  (SOFC)  offering 
bright  prospects.  Advantages  of  fuel  cells  include  low  to 
zero  emissions  during  operation,  flexibility  of  operation  and 
ease  of  integration  with  other  systems.  However,  fuel  cells 
are  not  yet  used  commercially.  Another  area  of  growth  in 


*  Corresponding  author.  Tel.:  +44-20-7594-7326; 
fax:  +44-20-7594-7444. 

E-mail  address:  n.brandon@imperial.ac.uk  (N.P.  Brandon). 

0378-7753/$  -  see  front  matter  ©  2004  Elsevier  B.V.  All  rights  reserved, 
doi :  10. 1016/j .  j  po  wsour. 2004 .01. 004 


alternative  energy  systems  is  the  increased  use  of  biomass, 
grown  in  a  sustainable  manner,  as  a  replacement  for  fossil 
fuels  [11]. 

This  paper  explores  the  possibility  of  combining  two  tech¬ 
nologies,  SOFC  and  biomass  gasification,  for  the  generation 
of  power  and  heat.  A  steady  state  model  for  a  200  kWe  SOFC 
combined  heat  and  power  (CHP)  system  is  developed  using 
the  gPROMS  modelling  tool  [6].  Two  different  systems  are 
modelled;  the  first  involves  a  hot  gas  cleanup  process  while 
the  other  uses  a  cold  gas  cleanup  process.  The  models  de¬ 
termine  system  efficiency  and  preliminary  costs  for  the  two 
systems. 

The  hot  gas  cleanup  process  involves  treatment  of  the 
producer  gas  at  a  high  temperature  with  little  or  no  cool¬ 
ing.  It  offers  good  heat  management  since  the  gasifier  and 
the  fuel  cell  operate  at  similar  temperatures.  However, 
equipment  for  gas  treatment  at  such  temperatures  is  not 
yet  reliable  and  is  expensive.  Cold  gas  cleanup  involves 
significant  cooling  of  the  producer  gas  before  and  during 
the  gas  treatment.  Equipment  used  for  cold  gas  cleanup 
is  well  developed  and  readily  available,  though  much  of 
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the  heat  energy  in  the  exhaust  cannot  be  used  under  these 
circumstances. 


2.  Fuel  cells 

Fuel  cells  directly  convert  the  chemical  energy  of  a  fuel 
into  electrical  energy  at  a  constant  temperature  [3,9],  via  ele¬ 
ctrochemical  reactions.  They  consist  of  two  electrodes  (the 
anode  and  the  cathode)  separated  by  an  electrolyte.  The 
elect  rodes  are  electronic  conductors,  with  electrons  flowing 
from  the  anode  to  the  cathode.  The  electrolyte  is  an  ionic 
conductor. 

The  SOFC  uses  oxide  ion-conducting  ceramic  as  the  elec¬ 
trolyte,  which  becomes  a  conductor  of  oxygen  ions  at  tem¬ 
peratures  of  about  800  °C  [9].  It  is  simpler  in  concept  than 
some  other  fuel  cell  types  since  there  are  no  problems  asso¬ 
ciated  with  electrolyte  management.  On  the  other  hand,  the 
high  operating  temperature  of  a  SOFC  makes  it  difficult  to 
find  materials  for  its  construction  with  the  necessary  physi¬ 
cal  and  thermal  properties. 

3.  Biomass  gasification 

3.1.  Introduction 

The  gasification  of  biomass  results  in  the  production  of 
a  gaseous  fuel  with  a  calorific  value  of  about  4-20  MJN-1 
m-3  [1].  Biomass  undergoes  thermal  decomposition  at  high 
temperatures  (600-1000  °C)  to  form  gaseous  components 
like  carbon  monoxide  and  hydrogen  as  well  as  impurities 
such  as  particulates  and  tars.  The  biomass  is  generally 
treated  prior  to  its  introduction  into  the  gasifier  [5].  This 
involves  drying  and  proper  sizing  of  the  feedstock  before 
feeding  to  the  gasifier.  The  characteristic  of  the  gas  produced 
varies  with  the  type  of  fuel  material  and  gasifier  type  and 
conditions.  The  product  gas  from  the  gasification  process 
can  be  used  (after  cleaning  and  conditioning)  in  turbines, 
boilers  and  engines  for  the  generation  of  heat  and  electricity 
and  for  the  production  of  synthesis  gases  for  the  manufac¬ 
ture  of  fuels  and  chemicals,  or  hydrogen  for  fuel  cells. 

3.2.  Gas  cleanup 

The  raw  product  gas  from  a  biomass  gasifier  contains 
impurities  that  may  interfere  with  downstream  utilisation 
technologies  such  as  fuel  cells  [14].  The  end-use  application 
of  the  gas  determines  the  extent  to  which  it  is  cleaned,  and 
the  design  of  the  cleanup  system  influences  the  level  and 
type  of  impurities  going  into  downstream  power  generation 
equipment.  Some  applications  such  as  kilns  require  little  or 
no  cleanup,  while  others  may  need  extensive  gas  cleanup 
to  meet  stringent  fuel  quality  requirements.  Generally,  the 
types  of  contaminants  and  their  amounts  depend  on  the 
gasification  process,  type  of  gasifier  used  and  the  type  of 
biomass  feedstock. 


3.2.1.  Types  of  impurities 

The  major  contaminants  produced  during  gasification  are 
particulates,  alkali  compounds,  tars,  nitrogen-containing 
compounds  and  sulphur  [14]. 

Nitrogen-containing  components  and  sulphur  contami¬ 
nants  are  generally  a  minimal  problem  in  biomass  gasifica¬ 
tion.  Most  biomass  feedstocks  contain  low  percentages  of 
sulphur,  while  the  production  of  NO*,  the  major  nitrogen 
contaminant,  is  limited  by  the  nature  of  the  reactive  envi¬ 
ronment. 

3.2.2.  Gas  cleanup  technologies 

The  choice  and  design  of  gas  cleanup  technology  is 
affected  in  a  number  of  ways  by  the  nature  of  the  contami¬ 
nant.  The  primary  types  of  systems  for  particulate  removal 
include  cyclone  filters,  barrier  filters,  electrostatic  filters, 
and  wet  scrubbers  [14].  Alkali  vapours  require  more  com¬ 
plex  treatment  and  are  removed  by  cooling  the  hot  product 
gas  below  600  °C  to  allow  for  condensation  of  the  primary 
material  into  solid  particulates.  The  solids  are  then  removed 
using  filtration  systems  similar  to  those  for  particulates.  Al¬ 
ternatively,  the  use  of  alkali  traps  may  be  effective  at  remov¬ 
ing  alkali  from  the  hot  gas  stream  [14].  Methods  to  remove 
tars  from  producer  gases  fall  into  one  of  three  categories 
[5]:  physical  removal,  thermal  conversion,  and  catalytic 
destruction. 

3.3.  Tolerance  levels  of  impurities 

The  detailed  fuel  gas  quality  specifications  for  fuel  cells 
are  not  well  understood  and  documented.  It  is  therefore  dif¬ 
ficult  to  specify  tolerance  limits  for  impurities.  The  temper¬ 
ature  of  operation  has  an  impact  on  tolerance  levels,  with 
high  temperature  fuel  cells  like  SOFC  able  to  cope  with 
higher  levels  of  impurities  than  low  temperature  fuel  cells. 
For  example,  tar  decomposition  may  occur  at  the  anode  of 
the  SOFC  rendering  it  comparatively  innocuous,  but  the  ef¬ 
fect  of  carbon  deposition  on  catalyst  surfaces  might  be  a 
problem. 

As  an  example,  Table  1  lists  the  fuel  quality  requirements 
for  internal  combustion  engines  and  gas  turbines.  For  molten 
carbonate  fuel  cells  (MCFC),  Lobachyov  and  Richter  [10] 
suggest  a  tolerance  range  of  1-10  ppm  for  alkali  compounds 
and  a  limit  of  100  ppm  for  particles  greater  than  3  [xm  di¬ 
ameter. 


Table  1 

Gas  quality  for  internal  combustion  (IC)  engines  and  turbine  generators 
[6] 


IC  engine 

Gas  turbine 

Particles  (mgN-1m-3) 

<50 

<30 

Particle  size  (|xm) 

<10 

<5 

Tar  (mgN-1  m-3) 

<100 

Alkali  metals  (mgN-1  m-3) 

<0.25 
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4.  System  configuration  and  components 

4.1.  Introduction 

A  CHP  system  is  used  to  generate  both  electricity  and 
heat.  The  CHP  system  in  this  case  is  based  around  a  fuel 
cell  stack,  and  requires  the  integration  of  many  components 
beyond  the  fuel  cell  stack  itself. 

For  the  two  options  (cold  gas  cleanup  and  hot  gas  cleanup) 
considered  in  this  work,  the  system  has  been  configured  into 
three  subsystems  (Fig.  1). 

•  Gasification:  biomass  feed  is  gasified  to  a  raw  gaseous 
product. 

•  Gas  cleanup:  the  raw  producer  gas  from  the  gasifier  is 
cleaned  and  conditioned. 

•  Fuel  cell:  cleaned  fuel  is  reformed  and  oxidised,  generat¬ 
ing  electricity  and  releasing  heat. 

The  objective  in  building  a  model  is  to  assess  component 
and  system  characteristics  based  on  different  equipment  op¬ 
tions  for  each  section  of  the  system. 

4.2.  Equipment  selection 

4.2.1.  Gasification  subsystem 

The  biomass  feed  is  dried  and  gasified  using  air.  It  is 
assumed  that  the  biomass  is  properly  sized  when  supplied. 

•  System  1 :  cold  gas  cleanup 

Most  commercial  gasifiers  of  the  scale  considered 
(200  kWe,  600kWth)  are  fixed  bed  gasifiers.  A  co-current 
fixed  bed  gasifier  suits  the  cold  process  better  than  a 
counter-current  one,  because  it  produces  less  tar  (the  most 
problematic  of  the  impurities)  and  has  a  higher  product 
gas  temperature  [8].  The  higher  product  gas  temperature 
increases  the  amount  of  heat  recovered  in  the  cooling 
process.  Tar  levels  are  then  reduced  to  acceptable  levels 
using  a  wet  electrostatic  precipitator. 

•  System  2:  hot  gas  cleanup 

The  gasifier  proposed  for  the  hot  gas  process  is  a  flu¬ 
idised  bed  gasifier,  with  the  catalyst  embedded  in  the  bed 
material.  This  eliminates  the  use  of  a  second  and  expen¬ 
sive  downstream  reactor  for  the  tar  cracking  process.  Cat¬ 
alytic  tar  cracking  takes  place  in  the  fluidised  bed  reactor 
and  requires  operating  temperatures  of  about  900  °C  [7]. 


4.2.2.  Cleanup  subsystem 

The  impurities  associated  with  the  product  gas  are  re¬ 
moved  in  the  cleanup  subsystem. 

•  System  1 :  cold  gas  cleanup 

The  best  option  for  cold  gas  cleanup  is  to  separate  the 
particulates  and  alkali  compounds  first,  before  condensa¬ 
tion  and  removal  of  tars.  This  is  because  the  particulates 
and  tars  agglomerate,  forming  sticky  particles  that  clog 
filters.  Cyclones  and  filters  are  used  for  the  particulates 
and  alkali  compounds  and  a  wet  electrostatic  precipitator 
is  used  for  tar  removal.  Cyclones  help  in  removing  large 
particulates  (above  5  fxm)  and  reduce  the  load  burden  on 
the  filter.  The  gas  stream  is  cooled  to  about  200  °C  after 
the  cyclone  stage  to  allow  for  the  condensation  of  alkali 
compounds.  The  tars  remain  in  the  vapour  phase.  A  bag 
filter  is  used  for  the  filtration  of  the  condensed  alkali  com¬ 
pounds  and  particulates.  A  wet  electrostatic  precipitator 
is  selected  for  tar  removal  because  of  its  reliability  over 
wet  scrubbers  for  small-scale  systems  [14]. 

•  System  2:  hot  gas  cleanup 

Since  it  is  assumed  that  sufficient  tar  destruction  occurs 
in  the  gasifier,  the  relevant  impurities  are  particulates  and 
alkali  compounds.  The  gas  stream  leaving  the  fluidised 
bed  gasifier  passes  through  a  cyclone  and  is  cooled  to  al¬ 
low  for  alkali  condensation.  Ceramic  filters,  capable  of  fil¬ 
tration  for  temperatures  as  high  as  700  °C,  are  used  for  the 
removal  of  alkali  compounds  and  remaining  particulates. 

4.2.3.  Fuel  cell  subsystem 

The  equipment  in  the  fuel  cell  subsystem  is  almost  the 
same  for  both  processes.  The  only  difference  is  that  addi¬ 
tional  heat  is  needed  for  the  cold  gas  process  to  raise  the 
temperature  of  the  gas  stream  entering  the  SOFC  to  850  °C. 

4.3.  Process  description 

4.3.1.  System  1:  cold  gas  process 

The  flowsheet  for  the  cold  gas  process  is  shown  in  Fig.  2. 

•  Gasification  subsystem 

The  sized  biomass  is  dried  to  reduce  its  water  content 
from  about  50%  (by  weight)  to  20%  before  being  fed 
to  the  gasifier  at  100  °C.  The  gasifier  operating  tempera¬ 
ture  is  assumed  to  about  be  600  °C.  The  gasifier  uses  air 
pre-heated  to  approximately  400  °C  as  the  oxidising  agent. 


Biomass 


Product  ggs 

Cleaned  gas 

Gasification 

Gas  Cleanup 

- ^ 

Fuel  cell 

Electricity 

Heat 


t 

Impurities 


Fig.  1.  Overall  system  configuration. 
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Fig.  2.  Flow-sheet  for  cold  process.  See  Table  8  for  unit  labels. 


Cleanup  subsystem 

The  hot  gas  exiting  the  gasifier  at  about  600  °C  enters 
the  cyclone,  where  some  of  the  particulates  and  some 
condensed  alkali  compounds  are  separated  from  the  gas 
stream.  The  gas  leaving  the  cyclone  is  cooled  in  a  heat 
exchanger  to  about  200  °C  before  entering  the  bag  filter. 
Here,  smaller  particulates  and  condensed  alkali  com¬ 
pounds  are  filtered  from  the  gas  stream.  The  gas  stream 
then  enters  a  wet  electrostatic  precipitator,  where  it  is 
further  cooled  by  quenching  with  water,  and  the  tar  and 


remaining  particulates  are  separated  from  the  gas  stream. 
The  exit  stream  from  the  cyclone  is  used  to  heat  the  gas 
stream  leaving  the  wet  precipitator  before  it  enters  the 
fuel  cell  section. 

•  Fuel  cell  subsystem 

In  the  fuel  cell  subsystem,  the  gas  stream  is  further 
heated  to  about  850  °C  and  introduced  to  the  anode  side 
of  the  SOFC  along  with  steam.  A  steam  to  carbon  ratio 
of  2:1  is  assumed  [2].  Electricity  and  heat  are  gener¬ 
ated  in  the  SOFC.  The  solid  temperature  of  the  SOFC 


Fig.  3.  Flow-sheet  for  hot  process.  See  Table  8  for  unit  labels. 
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is  maintained  at  900  °C  by  cooling  with  air  supplied 
in  excess  of  that  required  for  the  reaction.  The  cath¬ 
ode  and  the  anode  exit  streams  are  used  for  heating 
the  respective  streams  entering  the  cathode  and  anode. 
These  exit  streams  are  then  introduced  into  the  combus¬ 
tor  where  the  unreacted  fuel  in  the  cathode  exit  stream 
is  oxidised.  The  flue  gas  stream  is  used  for  district 
heating. 

4.3.2.  System  2:  hot  gas  process 

The  flowsheet  for  the  hot  gas  process  is  shown  in  Fig.  3. 

•  Gasification  subsystem 

The  drying  stage  in  the  hot  gas  gasification  subsystem 
is  similar  to  that  for  the  cold  process.  The  gasifier  operat¬ 
ing  temperature  is  assumed  to  be  about  900  °C,  using  air 
pre-heated  to  about  400  °C  for  oxidation  and  fluidisation. 

•  Cleanup  subsystem 

The  hot  gas  exiting  the  gasifier  at  about  900  °C  enters 
a  cyclone  for  particle  particulate  removal.  The  gas  stream 
leaving  the  cyclone  is  cooled  in  a  heat  exchanger  to  about 
450  °C  before  entering  the  ceramic  filter,  to  allow  for  con¬ 
densation  of  the  alkali  compounds.  The  incoming  stream 
to  the  filter  heats  up  the  gas  leaving  the  ceramic  filter, 
before  it  enters  the  SOFC  at  850  °C. 

•  Fuel  cell  subsystem 

The  hot  gas  cleanup  process  retains  the  steam  from  the 
gasification  section  so  that  less  fresh  steam  needs  to  be 
added  to  the  fuel  cell  than  in  the  cold  gas  cleanup  process. 
The  gas  stream  from  the  cleanup  section  is  introduced 
along  with  make-up  steam  to  the  anode  side  of  the  SOFC. 
The  SOFC  operates  in  the  same  way  as  for  the  cold  gas 
process. 


5.  System  and  equipment  modelling 

5.1.  Introduction 


5.3.  System  modelling 

The  system  model  is  decomposed  into  three  subsystems: 
gasification,  cleanup,  and  fuel  cell. 

5.3.1.  System  1:  cold  gas  process 

The  subsystems  in  the  process  contain  the  following  units. 

•  Gasification:  dryer,  blower  and  co-current  fixed  bed  gasi¬ 
fier. 

•  Cleanup:  cyclone,  heat  exchanger,  filter  and  wet  precipi¬ 
tator. 

•  Fuel  cell:  SOFC,  two  heat  exchangers,  blower  and  com¬ 
bustor. 

5.3.2.  System  2:  hot  gas  process 

The  subsystems  in  the  process  contain  the  following  units. 

•  Gasification:  dryer,  blower  and  fluidised  bed  gasifier. 

•  Cleanup:  cyclone,  heat  exchanger  and  ceramic  filter. 

•  Fuel  cell:  SOFC,  heat  exchanger,  blower  and  combustor. 

5.3.3.  Overall  model 

The  unit  models  in  each  subsystem  are  connected  to  form 
subsystem  models,  and  these  models  connected  to  obtain  the 
overall  models  for  both  processes.  The  models  are  then  used 
to  obtain  performance  measures.  In  particular,  the  overall 
system  model  is  used  to  determine  the  electrical  and  overall 
efficiency,  by  considering  the  biomass  fuel  input  and  the 
output  power  and  heat. 

The  heat  available  from  the  system,  (2dh,  is  given  by 
0DH  =  FeCpc  X  (TCq  ~  373)  (1) 

where  Fe  is  the  flow-rate  of  the  combustor  exit  stream,  CpQ 
is  the  heat  capacity  of  the  stream  in  kJ  mol-1  K-1  and  Tqq 
its  temperature  in  K. 

The  total  power  and  heat  available  from  the  system,  Qj, 
is  given  by 


In  this  section,  a  steady-state  one-dimensional  model  is 
presented  for  predicting  the  efficiency  of  the  overall  system 
for  the  two  options  considered.  In  addition,  the  model  de¬ 
veloped  is  used  for  basic  cost  analysis. 

5.2.  Hierarchical  sub-model  decomposition 

gPROMS  [6]  is  a  general  process  modelling  system  with 
proven  capabilities  for  the  steady- state  and  dynamic  simu¬ 
lation  and  optimisation  of  highly  complex  processes.  It  can 
also  be  used  for  parameter  estimation.  gPROMS  allows  for 
the  development  of  generic  models  in  isolation  that  can  sim¬ 
ply  be  defined  in  terms  of  explicitly  declared  variables  and 
equations.  Once  these  models  are  developed  and  tested,  they 
can  be  connected  in  an  appropriate  way  to  construct  the 
flowsheet  model,  in  a  process  called  hierarchical  sub-model 
decomposition. 


Qt  =  Gdh  +  200  kWe 


Using  these  quantities,  the  system  efficiency,  r]sys,  is  de¬ 
fined  as  the  ratio  of  useful  power  and  heat  available  from 
the  system  to  the  biomass  fuel  input  to  the  system 


_  Qt  ~  Qd 

^  ~  Mbiomass  x  LHV 


where  Qd  is  the  total  power  demand  on  the  system  in  kW, 
Mbiomass  is  the  flow-rate  of  the  biomass  in  kg  s_1  and  LHV 
is  the  low  heating  value  of  the  biomass  in  kJ  kg- 1 . 

Similarly,  the  electrical  efficiency,  Oelec,  is  defined  as 
the  ratio  of  useful  power  available  from  the  system  to  the 
biomass  fuel  input  to  the  system 


7?  elec  — 


200  -  Qp 

^biomass  x  LHV 
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Fadd 


Hfin,Ftfl 


Hfout,  Ftfout 


Hain,  Ftain 


Haout. i  Ftaout 


Fig.  4.  Diagram  of  SOFC. 


5.4.  Equipment  modelling 


The  models  derived  for  the  equipment  in  both  processes 
are  presented  in  this  section.  It  is  assumed  throughout  that 
pressure  drops  and  heat  losses  are  negligible. 


5.4.1.  Fuel  cell 

In  this  section,  simple  mass  and  energy  balances  for  a 
planar  internal-reforming  SOFC  (Fig.  4)  are  developed.  The 
main  assumptions  made  in  modelling  the  SOFC  are: 

•  Only  hydrogen  is  oxidised  in  the  SOFC.  Methane  is  re¬ 
formed  to  carbon  monoxide,  which  is  then  shifted  to  car¬ 
bon  dioxide  and  hydrogen  in  the  presence  of  steam. 

•  The  inlet  and  exit  temperatures  of  fuel  and  air  streams  are 
known.  There  is  a  temperature  gradient  of  100  °C  across 
the  SOFC. 

•  The  temperature  of  the  fuel  cell  structure,  7g,  is  homo¬ 
geneous  and  midway  between  the  inlet  and  exit  tempera¬ 
tures. 

•  The  fuel  utilisation  factor  is  fixed. 

•  The  operating  voltage  is  known  and  constant  over  the 
cell. 

•  There  are  six  components  in  the  fuel  stream  entering  and 
exiting  the  SOFC,  defined  by  the  set  NCF  =  {H2,  CO, 
CO2,  CH4,  H2O,  N2}.  There  are  two  components  in  the 
air  stream,  defined  by  the  set  NCA  =  {O2,  N2}. 

The  mass  balances  for  the  fuel  cell  subsystem  are  first 
derived.  The  power  rating,  Fwe,  of  the  fuel  cell  (200  kWe)  is 
the  product  of  the  cell  operating  voltage  V,  the  total  current 
i  and  the  inverter  efficiency  771N 

PWe  =  IVr 71N  (5) 


The  amount  of  hydrogen  consumed,  r\>  (mols  l),  is  re¬ 
lated  to  the  current  by  Faraday’s  law 


i 

n  x  Fa 


For  a  known  fuel  utilisation  factor,  Uf,  the  amount  of  hy¬ 
drogen  supplied,  //2sup  (mols-1),  is  given  by 


rb_ 

Uf 


The  reactions  taking  place  in  the  SOFC  are: 

CH4  +  H20  ->  CO  +  H2  (reforming) 

CO  +  H2O  — >  CO2  +  H2  (water  shift)  (8) 

H2  +  ^02  — >  H2O  (overall  cell  reaction) 


The  flow-rate  of  the  fuel  stream,  Ff  (mols  !)  needed  to 
produce  the  required  amount  of  hydrogen  is 


where  Ape  is  the  number  of  moles  produced  by  1  mol  of  fuel 
of  known  composition.  For,  a  known  fuel  gas  composition 
Xi,  the  individual  flow-rates  are: 


Ff(i)  =  Ff  x  X(i)  for  all  i  e  NCF 


(10) 


An  amount  of  steam  equivalent  to  twice  the  amount 
needed  for  the  reforming  and  water  shift  reactions  is  sup¬ 
plied  in  order  to  avoid  carbon  deposition.  According  to 
equation  [8],  the  flow-rate  of  steam  needed,  Fh2o  (mols-1) 


is  thus 

Fh2o  =  (Ff(CO)  +  Ff(CH4)  x  2)  x  2  (11) 

The  flow-rate  of  additional  steam  supplied,  Fadd 
(mols-1)  is  thus  given  by 

Fadd  =  Fh2o  -  FKH2O)  (12) 

Total  flow-rate  of  the  fuel  stream  entering  the  SOFC,  Fxfin 
(mol  s-1)  is 

Fxfin  =  Ff  +  Fh2o  (13) 

For  known  conversions  for  the  reforming  and  water  shift 
reactions,  the  component  flow-rates  of  the  fuel  exit  stream 
are  given  as 

Ffout(H2)  =  H2suv  x  (1  -  Uf)  (14) 

Ffout(CO)  =  0  (15) 

Ffout(C02)  =  Ff  (CO)  +  Ff  (C02)  +  Ff  (CH4)  (16) 

Ffout(CH4)  =  0  (17) 

Ffout(H20)  =  (Fh2o  x  0-5)  +  (H2sup  x  Uf)  (18) 

Ffout(N2)  =  Ff(N2)  (19) 


For  the  exit  air  stream,  given  known  inlet  composition, 
the  flow-rates  are: 


Faout(02)  =  Fpain  x  0.21  -  0.5  X  Uf  X  H2sup  (20) 

Faout  (N2)  =  Fpain  x  0.79  (21) 

The  energy  balance  for  the  fuel  cell  is  now  obtained.  Con¬ 
sidering  adiabatic  conditions,  the  enthalpy  change  between 
the  inlet  and  outlet  stream  should  be  equal  to  the  work  W 
produced  by  the  fuel  cell.  Though  heat  is  generated,  no  heat 
term  is  involved  in  the  energy  balance,  because  the  air  sup¬ 
plied  for  cooling  and  reaction  has  been  incorporated  in  the 
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enthalpy  terms  (expressed  in  kW).  The  flow-rate  of  the  air 
stream  is  obtained  from  a  solution  of  the  energy  balance. 
The  balance  around  the  SOFC  is  given  by 

(//fin  +  //am)  -  (//font  +  «aout)  =  W  (22) 

where  H  denotes  enthalpy  (kW),  the  subscript  T  refers  to  the 
fuel  stream,  the  subscript  ‘a’  to  the  air  stream,  the  subscript 
‘in’  to  the  fuel  cell  inlet  and  the  subscript  ‘out’  the  fuel  cell 
outlet.  Moreover,  the  enthalpy  of  a  stream  is  given  by 

H  =  x  A  HD  +  FiQiJ  -  hf)  (23) 

where  the  summations  are  over  all  components  i  in  the 
stream,  A  H°^  denotes  the  standard  heat  of  formation  of  com¬ 
ponent  i  (kJmol-1)  at  temperature  Tref  (K)  and  where 

r  TS 

hf  -  hf  =  /  Cpi  AT  (24) 


/7e(N2)  =  Ff(N2)  +  Fa(N2)  (31) 

Fq( 02)  =  Fa( 02)  -  0.5  X  Ff (H2)  (32) 

Given  all  flow-rates,  the  temperature  of  the  exit  stream  can 
be  calculated  from  the  energy  balance 

Hf  +  //a  =  He  (33) 

where  Hj  denotes  the  enthalpy  of  stream  j  (kW). 

5.4.3.  Gasifier 

The  gasifier  model  determines  the  flow-rates  of  the  wet 
biomass  and  air  stream  for  a  known  product  gas  composition. 
The  main  assumptions  are: 

•  The  gasifier  operates  at  a  known  temperature  and  at  at¬ 
mospheric  pressure. 

•  Tars,  particulates  and  alkali  compounds  are  the  only  im¬ 
purities  produced  during  gasification. 


where  CPi  is  the  heat  capacity  of  component  i  (kJ  mol  1  K  1 ). 
5.4.2.  Combustor 

A  model  is  now  developed  to  determine  the  flow-rate 
and  temperature  of  the  combustor  exit  stream,  given  known 
values  for  the  inlet  streams  (Fig.  5).  The  key  assumptions  in 
the  model  are  as  follows: 

•  There  are  seven  components  in  the  combustor  exit  stream, 
denoted  by  the  set  NCE  =  {H2,  CO,  C02,  CFG,  H20,  N2, 
02}. 

•  Hydrogen  is  completely  oxidised  in  the  combustor. 

The  mass  balances  for  the  combustor  are  first  derived. 
The  un-reacted  hydrogen  in  the  fuel  stream  is  oxidised  by 
oxygen  in  the  combustor  to  produce  water 

H2  +  \02  -*  H20  (25) 

The  component  flow-rates  for  the  combustor  exit  stream  are 
given  by 

Fe(H2)  =  0  (26) 

Fq  (CO)  =  0  (27) 

Fe(C02)  =  Ff(C02)  (28) 


The  mass  balances  are  first  derived.  The  flow-rate  of  car¬ 
bon  (mols-1)  entering  the  gasifier  equals  that  exiting  the 
gasifier 

Fcin  =  Fcout  (34) 


The  flow  out  of  the  gasifier  is  a  function  of  the  total  carbon 
content  of  the  producer  gas  (CO,  C02,  CH4,)  and  the  carbon 
conversion  efficiency  of  the  gasifier  ocg 


Fcout  = 


Fpg(CO)  +  Fpg(CQ2)  +  FPG(CH4) 

OCG 


(35) 


The  flow-rate  of  the  dry  biomass,  Mt bf  (g  s  ]),  is 


Mbf  = 


Fq  in  x  RMMc 
X^C 


(36) 


where  RMMc  is  the  relative  molecular  mass  of  carbon  in 
gmol-1  and  X^c  is  the  mass  fraction  of  carbon  in  the  dry 
biomass. 

The  flow-rate  of  air  needed  for  gasification,  T^air 
(mols-1),  for  a  known  air-biomass  ratio,  W& b,  is  given  by 


fkab  x  Mtbf 

RMMair 


(37) 


where  RMMair  is  the  relative  molecular  mass  of  air  in 
gmol-1. 


Fe(CH4)  =  0 

(29) 

Fe(H20)  =  Ff(H2Q)  +  Ff(H2) 

(30) 

Outlet  from 
fuel  side  ^ 


Outlet  from 
air  side  ^ 


Ha,  Fa 


He,  Fe,  T 


Fig.  5.  Diagram  of  combustor. 


5.4.4.  Gas  cleaning  equipment 

The  models  for  the  gas  cleaning  equipment  (cyclone,  fil¬ 
ter  and  wet  electrostatic  precipitator)  are  all  similar.  Given 
known  inlet  impurity  concentrations  C\ n  in  gm-3,  and 
equipment  cleaning  efficiencies  obtained  from  the  litera¬ 
ture,  the  impurity  concentrations  in  the  exit  stream  can  be 
calculated.  The  cleaning  efficiency  represents  the  fraction 
of  each  impurity  that  the  equipment  removes  from  a  gas 
stream  entering  it.  For  example,  a  ceramic  filter  with  99% 
efficiency  removes  99%  of  the  alkali  compounds  and  partic¬ 
ulate  from  the  gas  stream  flowing  through  it.  The  modelling 
assumptions  are  as  follows: 
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•  The  flow-rate  of  the  producer  gas  passes  through  the  clean¬ 
ing  section  unchanged. 

•  The  heat  capacity  of  the  producer  gas  is  constant  through¬ 
out  the  cleaning  section 

The  mass  balances  for  the  gas  cleaning  units  over  all 
impurities  i  are  first  derived 

Cin(0  -  Cimp(0  =  Cout(0  (38) 

Qmp(0  =  0c\  x  Cin  (0  (39) 

where  ocx  is  the  equipment  cleaning  efficiency. 

5.4.5.  Heat  exchanger 

A  simple  heat  exchanger  model  (Fig.  6)  is  used  to  derive 
the  area  required  for  heat  transfer  for  a  known  heat  load  Q 
(kW).  The  key  assumptions  are  as  follows: 

•  Heat  exchanger  efficiency  and  approach  temperature  are 
known. 

•  Three  of  the  four  stage  temperatures  (7hin,  7hout>  Tcin, 
Tcout)  are  fixed 

•  The  mass  flow-rates  of  all  streams  are  known. 

The  heat  load  is  directly  related  to  the  enthalpy  change 
for  the  hot  fluid: 

G  =  #hin  -  #hout  (40) 

Q  =  U  x  Area  x  0m  (41) 

where  //hin  (kW)  is  the  enthalpy  of  the  inlet  hot  fluid, 
//rout  (kW)  is  the  enthalpy  of  the  outlet  hot  fluid,  U 
(kW  m-2  K"1)  is  the  overall  heat  transfer  coefficient,  0m  is 
the  logarithmic  mean  temperature  difference  (K),  Area  is 
the  heat  exchange  area  (m2). 

5.4.6.  Blower 

A  blower  model  is  derived  to  determine  the  power  re¬ 
quired  for  blowing  in  the  gasification  and  fuel  cell  sections. 
It  is  assumed  that  the  discharge  pressure  is  known  and  that 
heat  losses  are  negligible.  The  power  required  is  a  func¬ 
tion  of  the  total  discharge  pressure,  A PT,  and  the  volumetric 
flow-rate  delivered  by  the  blower,  Gv 

Twblower  —  Gv  X  A  Pr  (42) 

where  Gv  (m3  s-1)  is  given  as 

Gv  —  FVair  X  Fmol  (43) 

where  Vmoi  is  the  volume  of  a  mole  of  air  and  Fxair  is  the 
flow-rate  of  air  in  mol  s-1 . 


5.4.7.  Dryer 

The  dryer  model  determines  the  amount  of  energy  needed 
to  reduce  the  water  content  of  the  biomass  to  an  acceptable 
level  of  20%  by  weight.  It  is  assumed  that  the  wet  biomass 
contains  50%  by  weight  water  and  enters  the  dryer  at  25  °C, 
that  heat  losses  are  negligible  and  that  thermal  equilibrium 
is  achieved  in  the  wet  biomass.  The  dryer  mass  balance  is 
given  by 

4^feed  =  0.625 Min  (44) 

where  Min  (kg  s-1)  is  the  total  flow-rate  entering  the  dryer, 
and  Mfeed  is  the  total  flow-rate  leaving  the  dryer  and  fed 
to  the  gasifier  (kgs-1).  The  amount  of  dry  biomass  is 

^biomass  =  0.8  X  MpEED  (45) 

The  dryer  energy  balance  gives  an  estimate  of  the  heat 
required  by  this  unit.  To  raise  the  water  in  the  wet  biomass 
to  100  °C,  Gr2o  (kW)  is  needed: 

Gh2o  =  0-5  x  Min  x  Cp r2o  x  (373  -  298)  (46) 

where  CPfu2 o  (kJkg-1  K-1)  is  the  heat  capacity  of  water. 

The  heat  required  to  raise  the  temperature  of  the  dry 
biomass  to  100  °C  is 

Gbiomass  =  0.5  X  Min  x  Cpbiomass  x  (373  -  298)  (47) 

where  C^biomass  (kJkg-1  K-1)  is  the  heat  capacity  of  the 
dry  biomass.  The  heat  required  to  vaporise  the  water  is 

Gvap  =  0-3//vh2oMin  (48) 

where  Hy r2o  is  the  heat  of  vaporisation  of  water  in  kJ  kg-1 . 
Therefore,  the  total  heat  supplied  is 

Gtot  =  Gh2o  +  Gb  iomass  T  Gvap 

6.  Results  and  discussion 

6.1.  Results 

In  this  section,  the  results  obtained  from  modelling  are 
presented  for  both  systems  studied.  Table  2  shows  the  com¬ 
position  of  the  producer  gas  used  as  input  to  the  model. 
Tables  3  and  4  summarise  the  results  obtained  from  the  sim¬ 
ulation  of  both  processes  assuming  a  50%  fuel  utilisation 
factor.  Table  5  shows  an  estimate  of  the  capital  cost  for  the 

Table  2 


Gas  composition  (wet)  after  gasification 


Component 

vol.% 

h2 

17 

CO 

13 

co2 

11 

ch4 

4 

h2o 

15 

n2 

40 
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Table  3 


Results  for  gas  cleanup  section 


Variable 

Symbol  (units) 

Cold  process 

Hot  process 

Level  of  impurity  entering  SOFC 

Cout  filter  (g  N  m  ^ 

5  x  10-5  (alkali),  2.5  x  1CT5 

0.05  (alkali),  0.05 

(particulate),  0.005  (tars) 

(particulate),  5  (tars) 

Area  of  heat  exchanger 

Area  (m2) 

33 

47 

Table  4 


Efficiency  estimation 


Specific  power  or  demand 

(kW) 

Cold  process 

Hot  process 

AC  power  output  SOFR 

200.0 

200.0 

Heat  output  from  district  heating 

77.1 

196.8 

Total  output 

277.1 

396.8 

Dryer  electric  demand 

10.8 

9.7 

Blower  electric  demand  (SOFC) 

50.7 

50.5 

Blower  electric  demand  (gasifier) 

1.4 

1.8 

Pre-heated  gasifier  air  electric  demand 

14.7 

18.1 

Total  electric  demand 

77.6 

80.1 

Net  electricity  production 

122.1 

119.9 

Net  total  power  and  heat  production 

199.5 

316.7 

LHV  dry  biomass 

588.2 

531.5 

Electrical  efficiency  (%) 

20.8 

22.6 

System  efficiency  (%) 

33.9 

59.6 

two  systems.  The  capital  cost  includes  the  total  purchase 
equipment  cost  and  estimates  of  other  costs  for  functions 
like  piping,  instrumentation,  control,  assembly,  installation 
and  commissioning  [13].  The  capital  cost  of  the  hot  process 
is  found  to  be  approximately  7%  higher  than  that  of  the  cold 

process. 

It  is  interesting  to  consider  whether  the  extra  cost  of  the 
hot  process  is  justified  by  considering  potential  revenue  from 
the  sale  of  excess  heat  generated.  Tables  6  and  7  show  the 

Table  5 

Cost  calculations  for  both  200  kWe  systems  studied 

Equipment/ process 

Cost  (£k) 

Cold  process 

Hot  process 

Fuel  handling  and  preparation  [1] 

11.6 

11.6 

Gasifier  [1] 

39.2 

90.6 

Blowers 

8.9 

13.8 

Cyclone  [1] 

3.1 

3.1 

Filter 

9.6 

45.5 

Wet  precipitator  [6] 

68.7 

Heat  exchangers  [12] 

28.0 

27.0 

Piping,  pumps,  instrumentation,  control 

32.5 

32.5 

and  other  peripheral  equipment 
Assembly,  installation  and  commissioning 

15.5 

15.5 

SOFC  (£500  kW“') 

100.0 

100.0 

Combustor  [8] 

6.1 

6.1 

Total  system  cost 

323.1 

345.8 

Total  unit  capacity  cost  (fikW”1) 

2.6 

2.9 

Total  unit  capacity  cost  (fikW^1) 

1.6 

1.1 

Table  6 


Heat  production  for  the  hot  and  cold  process 


Heat  produced  by  hot  process  (kW) 

Heat  produced  by  cold  process  (kW) 

Difference  (kW) 

197 

77 

120 

Table  7 

Capital  cost  differences 

Capital  cost  of  hot  process  (£) 

346000 

Capital  cost  of  cold  process  (£) 

323000 

Difference  (£) 

23000 

Annualised  difference  (£) 

2900 

Note :  A  discount  rate  of  10%  and  plant  life  cycle  of  15  years  were 
assumed  for  calculating  the  annualised  difference. 


differences  in  heat  production  and  capital  cost  for  the  two 
systems  considered.  The  additional  heat  available  from  the 
hot  process  is  approximately  524  MWh  per  year.  The  in¬ 
come  earned  from  selling  this  heat  is  estimated  between 
£6800  and  £9900  per  annum,  assuming  a  revenue  range  of 
£0.013-0.019  kWh-1  for  heat  [4].  Under  these  assumptions, 
the  additional  heat  produced  by  the  hot  process  system  ap¬ 
pears  to  justify  the  higher  capital  cost  (Table  8). 

6.2.  Discussion 

6.2.1.  Efficiency 

As  expected,  the  hot  process  has  a  higher  overall  system 
efficiency  (60%)  than  the  cold  process  (34%)  (Table  4).  This 

Table  8 


Labelling  for  Figs.  2  and  3 


Notation 

Equipment/ process 

Cold  process  (Fig.  2) 

Hot  process  (Fig.  3) 

1 

Drying  stage 

Drying  stage 

2 

Co-current  gasifier 

CFB  gasifier 

3 

Blower 

Blower 

4 

Cyclone 

Cyclone 

5 

Heat  exchangers 

Heat  exchangers 

6 

Filter 

Ceramic  filter 

7 

Wet  electrostatic  precipitator 
including  quenching  process 

8 

SOFC 

SOFC 

9 

District  heating  system 

District  heating  system 

10 

Combustor 

Combustor 

11 

Impurities 

Impurities 

A 

Anode  side  of  SOFC 

Anode  side  of  SOFC 

B 

Biomass 

Biomass 

C 

Cathode  side  of  SOFC 

Cathode  side  of  SOFC 

E 

Exhaust  gas 

Exhaust  gas 
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is  a  result  of  the  superior  heat  management  in  the  gas  clean¬ 
ing  section  of  the  hot  process  and  the  higher  exit  temperature 
of  its  gasifier  product. 

Though  both  process  produce  the  same  amount  of  elec¬ 
tricity,  the  carbon  conversion  for  the  fluidised  bed  gasifier 
used  in  the  hot  process  is  higher  than  that  of  the  co-current 
gasifier  used  for  the  cold  process.  Thus,  the  cold  process 
uses  more  biomass  than  the  hot  process  in  producing  elec¬ 
tricity,  leading  to  a  lower  electrical  efficiency. 

The  efficiencies  of  both  processes  are  significantly  af¬ 
fected  by  the  electric  demand  of  the  blower  used  for  cooling 
of  the  fuel  cell. 

6.2.2.  Cost 

Table  5  shows  that  the  hot  process  is  marginally  more  ex¬ 
pensive  than  the  cold  process.  This  is  a  result  of  the  high  es¬ 
timated  cost  for  the  fluidised  bed  gasifier  and  the  hot  ceramic 
filter.  The  use  of  a  tar  cracker  would  have  further  increased 
the  cost  for  the  hot  process,  while  the  use  of  alternative  wet 
cleaning  equipment,  as  opposed  to  the  wet  electrostatic  pre¬ 
cipitator,  would  have  reduced  the  cost  for  the  cold  process. 

The  unit  capacity  cost  per  kWe  produced  is  higher  for 
the  hot  process,  as  expected  because  of  its  higher  capital 
cost.  However,  the  heat  obtained  from  the  hot  process  is 
much  higher  than  that  from  the  cold  process.  Thus,  the  unit 
capacity  cost  in  terms  of  total  (electrical  and  thermal)  power 
generated  is  higher  for  the  cold  process. 

6.2.3.  Impurity  levels  in  fuel  gas  stream  entering  SOFC 

Wet  gas  cleaning  used  for  the  cold  option  is  a  developed 

and  reliable  process,  and  the  levels  of  impurities  produced 
are  lower  than  those  for  the  hot  process.  The  use  of  a  sec¬ 
ond  ceramic  filter  for  the  hot  process  would  reduce  alkali 
compounds  and  particulates  to  levels  similar  to  those  for  the 
cold  process,  but  at  an  additional  cost  to  the  system.  The 
same  holds  for  the  use  of  a  tar  cracker  in  the  reduction  of 
tars  to  levels  similar  to  the  cold  process. 

6.2.4.  Overall  system  performance 

It  is  difficult  to  compare  the  two  processes  without  know¬ 
ing  the  actual  tolerance  limits  of  a  SOFC  to  impurities.  It  is 
assumed  that  only  three  impurities  are  produced  during  gasi¬ 
fication.  This  is  a  simplification,  as  other  impurities  such  as 
HC1  and  NH3  may  be  produced.  Wet  gas  cleaning  can  deal 
with  most  of  these  impurities,  unlike  hot  gas  cleaning.  This 
favours  the  cold  process.  Hot  gas  cleanup  systems  also  need 
to  be  proven  reliable  [14]. 

7.  Conclusions 

A  simple  steady-state  model  of  a  200  kWe  SOFC  com¬ 
bined  heat  and  power  system  has  been  developed  to  deter¬ 
mine  system  efficiency  and  for  cost  analysis.  Two  different 
options  were  evaluated,  a  process  involving  cold  gas  clean¬ 
ing  and  one  involving  hot  gas  cleaning. 


Results  obtained  from  the  simulation  show  that  system 
efficiency  for  the  hot  process  is  higher  than  that  for  the  cold 
process  because  of  better  heat  management  in  the  clean¬ 
ing  process  and  higher  gasification  temperature.  Though  the 
capital  cost  for  the  hot  process  is  marginally  higher,  income 
earned  from  selling  the  extra  heat  produced  may  justify  the 
additional  cost. 

The  concentration  of  impurities  in  the  gas  stream  entering 
the  SOFC  for  the  cold  process  is  estimated  to  be  lower  than 
for  the  hot  process.  Though  there  are  no  confirmed  tolerance 
limits  for  SOFCs,  the  levels  for  the  cold  process  are  within 
acceptable  ranges  for  other  equipment  like  internal  combus¬ 
tion  engines  [7].  Those  for  the  hot  process  are  higher,  and 
may  cause  problems  in  the  operation  of  downstream  equip¬ 
ment.  For  the  hot  process  to  produce  a  gas  with  similar  con¬ 
centration  levels,  additional  equipment  would  be  needed. 
This  would  increase  the  capital  cost  and  the  economic  via¬ 
bility  of  the  system  would  need  to  be  verified  based  on  po¬ 
tential  electricity  and  heat  revenues.  Also,  the  equipment  for 
gas  cleanup  at  high  temperatures  is  not  proven  technology. 

The  major  factor  affecting  the  efficiency  of  both  options 
was  the  high  power  requirement  of  the  blower  needed  to  sup¬ 
ply  cooling  air  to  the  SOFC.  The  flow-rate  of  the  cooling  air 
supplied  by  the  blower  is  a  function  of  the  temperature  gra¬ 
dient  across  the  SOFC.  For  this  paper,  the  gradient  assumed 
was  100  °C  and  the  power  demand  of  the  blower  represents 
over  60%  of  the  total  power  demand  for  both  processes.  For 
a  gradient  of  150  °C,  this  value  is  about  50%.  The  use  of 
more  efficient  cooling  methods  for  the  SOFC  could  there¬ 
fore  have  a  significant  beneficial  impact  on  these  systems. 

The  findings  of  this  paper  suggest  that  hot  gas  cleaning  is 
the  preferred  option  to  cold  gas  cleaning  for  the  integration 
of  biomass  gasification  with  a  SOFC  in  terms  of  system  effi¬ 
ciency.  However,  further  analysis  is  required  on  some  issues 
(level  of  impurities  in  the  fuel  gas  stream,  cost  and  equip¬ 
ment  reliability)  relating  to  hot  gas  cleaning  to  substantiate 
this  claim. 
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